Abstract. Two of the primary waste components of the Phosphates benefaction process, sand and clay have been used as building materials for thousands of years. A process known as rammed earth has been used extensively around the world in buildings that have lasted for centuries. Because earth is the main ingredient in rammed earth it has recently enjoyed new popularity as a so called "green" building material. In a similar process earth is compressed into blocks which are then used in the same way as conventional masonry units to build walls. In the compressed earth block [CEB] method, individual units can be manufactured and stockpiled for later use rather than being fabricated on site as in the rammed earth process. This research project will investigate the potential use of waste clay and tailing sand from the phosphate benefaction process as the primary ingredients in compressed earth blocks for commercial and residential construction projects.
Introduction
The State of Florida produces approximately 75% of the phosphate rock mined in the U.S. Phosphate rock mixed with clay and sand is dug from mines, mixed with water, and the slurry is pumped to a beneficiation plant where the phosphate is separated from the sand and clay and the clay slurry is pumped to settling ponds which claim thousands of acres of Florida's land. As the clay settles, the water is removed and recycled. Once the water is removed and sand is added, it takes about 2-5 years for the top 2 to 3 feet of the settling area to dry and be able to support weight. There is a strong public desire to cut down on the number of settling areas created [1] . Florida Institute of Phosphate Research [FIPR] grants have supported several projects aimed at finding uses for phosphatic clay thus reducing the acreage devoted to settling areas [2, 3] . Waste Clay as a Green Building Material, financed by a FIPR grant, revisits the age old brick making technique of compressed earth block as a means of converting phosphatic waste clay and other recycled materials into an economical product for building construction.
Earth Construction
Earth has been used as a construction material around the world in a number of ways including earth plaster, adobe, compressed blocks and rammed earth. Of all of the earth building techniques rammed earth and compressed blocks have proven to be the strongest and most durable [4] . In the US Spaniards constructed the first permanent structures in St. Augustine, Florida in the mid-16 th century using a mix of soil and shells rammed into a heavy wooden framework. One of those original buildings still stands today [5] . In recent years earth construction has enjoyed a resurgence in the US particularly in the hot arid western climate where the number of contractors who specialize in the construction techniques is growing. Earth is a natural material and CEB requires only 25% of the total energy per kilogram needed to produce an ordinary clay brick, 35% of concrete block, and 20-35% of sawn softwood and hardwood [6] .
The Material. An ideal soil for earth construction is one in which colloidal cementation supplements thorough compaction. Colloids are a sort of natural gelatin found in clay soils. Ramming earth massages the colloids into action in much the same way that kneading bread dough works up the gluten in flour. Modern building codes often require that earth be stabilized when it is used as a building material. Stabilization is the elimination of the change in volume that occurs in a soil as it absorbs and discharges water. A common stabilizer, Portland cement reduces absorption and increases strength. Most of the world's oldest rammed earth walls were constructed with basically the same soil composition of 70% sand and 30 % clay [7] .
Waste Clay in Compressed Earth Blocks. The project investigates the potential for using waste clay, recycled materials and stabilizing agents to make an economical material for CEB construction. The use of waste clay as a construction material would provide a useful, economically viable and environmentally sound alternative to the waste clay retention ponds currently in use and the low embodied energy of walls and bricks made from recycled waste materials would reduce the carbon footprint of the construction industry. The conversion of industrial byproducts to environmentally friendly building materials and the subsequent reduction in the need for settling ponds, would help transform the public's image of the phosphates industry.
Material Components
The goal is to create a CEB containing phosphatic clay that is strong enough to meet FBC requirements for adobe construction and contains as many local, recycled, and sustainably acquired materials as possible [8] . The clay content for CEBs can vary from 10¬40% of the mixture, depending on the type of clay and other materials used. The different types and sizes of sand, silt and gravel also play a role in the final strength of the block. One of the most important factors of the mix is a good grain size distribution. Blocks are consolidated with compression, so the mix must be designed in a way that the particles of the clay and the sand can compact to a dense mass and form a strong bond, leaving little to almost no air gaps between aggregates.
Clay. Two types of clay were collected from the settling ponds of CF industries in Bowling Green, FL. The first type was pumped directly from the bottom of the settling pond via a large centrifugal pump. This clay contained a high percentage of water and had a slurry consistency. The second type of clay was shoveled by hand from a reclaimed area, where the clay had been settling for approximately eight years. The clay was much drier and denser but also contained natural fibers and other plant materials.
Sand. For a good grain size distribution, different sizes of material components are preferred. The sand with the smallest grain size, tailing sand, is a byproduct of the benefaction process and was collected from CF industries. The Medium size sand commonly known as construction sand or sand box sand was purchased through a local building supply store. The coarse sand also known as, well point sand, was obtained from a local sand and gravel supplier.
Crushed Concrete.
[CC] acquired from Kimmins Contracting Corp., Tampa FL, was used as part of the sand mixture. The salvaged concrete is passed through a crushing machine, where the reinforcing steel is separated from the rest of the material. The crushed concrete pieces are sifted, and crushed again, if necessary. The material is also known as road base, as it is used in highway construction. The final CC product is a mixture of fine, medium and large pieces of aggregate, concrete, and sand. The material was used in its original state and was also filtered through a ¼ inch sifting device to isolate the smaller aggregate.
Fly Ash (Type F). Fly ash is a fine residue resulting from the combustion of ground or powdered coal. The particles are generally finer than Portland cement. There are two different types of fly ash currently produced in the USA that are specified in ASTM C 618: Class F and Class C. Class F is produced from burning anthracite or bituminous coal, and Class C is produced from the burning of sub bituminous coal and lignite. Class C fly ash has cementitious properties in addition to pozzolanic properties due to free lime, whereas Class F is only cementitious when mixed with water and another agent, such as Portland cement, lime or other chemical activators [9] . For this project, we used class F Fly Ash, produced by the local TECO 'Big Bend' power plant in Apollo Beach, FL,. Initially, the fly ash was intended as a stabilizer to replace some of the Portland cement in the mix but it was also found to increase the workability of the mix. In addition, the blocks seemed to compress easier and denser, and the final blocks looked smoother than the blocks without the fly ash.
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Lime. Free lime or garden lime was used as a stabilizer to regulate water content and facilitate the tight compression of materials.
Portland Cement. Portland cement [PC] was used as a stabilizer and to give the material the strength necessary to meet code requirements. All else being equal, the compressive strength of the block samples was directly proportional to the percentage of Portland cement in the mix.
Making the Blocks
The materials were mixed in different combinations and proportions in an attempt to find the strongest, most economical mix. Recycled content was a high priority and many different combinations and proportions of natural, manufactured and recycled materials were tested. An effort was made to keep a consistent and accurate mixing process throughout the project. First, the dry components (sand, crushed concrete, fly ash, cement, lime) were placed in a concrete mixer and mixed for several minutes. The dry mix was emptied into a mortar box where the clay was added. For the purpose of these experiments the clay in a slurry state was easier to handle than the dryer clay because it mixed uniformly with the sand whereas the dry clay remained in clumps and did not mix well with the aggregates. It was difficult to maintain a consistent water/solid ratio in the slurry clay, which led to some inconsistencies in the material mixes. If dry clay could be pulverized into a powder form, mixed with the other dry ingredients and then a consistent, measured amount of water added, the results would be more consistent and uniform. Given the limitations of using clay in its slurry form, the best way to test the moisture content of the mix was to take a small amount in hand and press it into a ball. The ball should keep its shape when in hand, but break into small pieces when dropped on the ground. Once the materials were mixed and had the right moisture content, it was poured into the chamber of the earth press, the lid closed, and pressure applied manually with a long steel lever. Finally, the chamber was opened, the block removed and set aside on a shelf and covered with plastic to cure for 28 days.
Testing the Blocks
After curing for 28 days, the blocks were subjected to a series of tests to determine their compliance or non-compliance with the Florida Building Code [FBC] and to see if they posed any potential health or environmental risks.
Compression. Compression tests were performed by the USF Department of Civil and Environmental Engineering Structural Testing Lab manager Danny Winters. The lab is equipped with a static, PC controlled, Axial Test System for measuring the compressive and tensile strength of materials. The blocks were placed flat in the testing device, and compressed until failure occurred. Strength was identified as a pre-requisite for further testing so all 16 of the mixes were tested and 10 met the FBC minimum criteria of 300psi compressive strength. Two mixes were selected for further testing based on their relatively high strength, economy, and recycled content. Economy was defined as a minimal use of Portland cement, lime and other processed stabilizers that would add cost to the CEB material mix.
Radiation. Based on Tests performed by Dr. Mark J. Harrison at the University of Florida Department of Nuclear and Radiological Engineering, brick samples were determined to be slightly above the minimum detectable activity [MDA] level. To put the findings in perspective, the brick samples were compared to clay based kitty litter as a common household material containing a low level of radiation. No statistically significant difference was found between the brick samples and the kitty litter. To determine the activity of Bi-214 in the blocks, each block was ground into a powder form and set to count for 24 hrs. in a low background high purity Germanium (HPGe) gamma-ray spectrometer. Each sample clearly produced gamma-ray peaks at 609.3, 768.4, 934.2, 1120.6 and 1238.5keV, all indicative peaks of Bi-214. The test samples were found to have an average volumetric decay rate of Bi-214 of 50.4 +/-12.1 kBq/m^3. Since Bi-214 is a daughter to Rn-222 and the decay chain is assumed to be in equilibrium (i.e. the production and destruction of all members is equal), the production rate of Rn-222 [radon gas] was also assumed to be 50.4 +/-
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12.1 kBq/m^3. To understand these findings relative to radon standards for building interiors in the US, the radon concentration was calculated in a hypothetical room measuring 3 meter square in plan with 3 meter high walls made of the test blocks. Assuming that 10% of the radon produced by the material would be emitted to the interior space it was determined that the space would have a radon level of approximately 533 Bq/m 3 [10] . The EPA considers 120 Bq/m3 to be an elevated level so a building made entirely of the blocks would clearly exceed current clean air standards for radon concentration [11] . In conventional construction practices in the US the interior surface of the block wall would be covered with a vapor barrier, insulation, wall framing and gypsum board, presumably reducing the amount of radon emitted to the interior of the building. Sealers applied to the surfaces of the blocks may also result in reduced radon emissions. The method of testing samples in a powder form may have yielded higher emission rates than if the blocks were tested in their solid form. Additional research is necessary to determine the actual radon emission rate of the blocks in their solid form and how finish materials or sealers on the inside of the blocks would affect the radon concentration in a room.
Absorption. Twelve, four inch cubes were used for absorption and leaching studies. Given that the building code does not explicitly state the porous surface or conditions to use for this test, two scenarios were created. One involved the blocks placed on a sponge and the other involved the blocks placed in a water solution. Six samples were exposed to the wet sponge surface while the other six were placed in 1" of water in a plastic tub. The water absorbed for all twelve of the bricks was between 16.4 and 22% of the initial weight of the brick and averaged 18.8% with a standard deviation of 1.5%. These values are above the building code requirements. More testing is necessary to see how additives and sealers would affect the absorption rate.
Leaching. Five of the blocks (1, 3, 5, 7, and 10) that had previously been exposed to the absorption test were selected for the leaching study. 
Conclusions
Testing performed with blocks made of waste clay from the phosphates industry and other recycled content revealed many promising aspects as well as several challenges to its adoption as a commercial product. Blocks were produced through a process of compaction rather than firing so the embodied energy and cost of production are both lower than with standard bricks. The test blocks contained only 7% Portland cement by volume whereas concrete blocks are typically 16-17% by volume. The reduction in Portland cement results in a lower embodied energy and smaller carbon footprint. The performance of the compressed blocks was improved or stayed the same with the substitution of recycled materials as fine aggregate. Filtered, recycled concrete was used as a substitute for sand in mix # 12 without significantly reducing the compressive strength. Given the same amount of clay and PC, the substitution of 10% fly ash for fine sand added to the workability of the mix, resulted in more uniform looking bricks and significantly improved the compressive strength. Aside from the 7% Portland cement used as a stabilizer, mixture #12 was entirely composed of recycled materials making this mixture particularly attractive from an environmental perspective. This research utilized type F fly ash because it was available locally. Additional research should be done using Type C flyash to determine how its pozzolanic properties would affect the strength of the bricks.
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